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Abstract  
Due to the advancements during the last decade, the laser sintering process has achieved a high technical level, 
allowing for Rapid Manufacturing in some applications. However, processes still show poor repeatability of part 
quality, process interruptions or defective parts. The knowledge needed to avoid such problems is still insufficient. 
Literature provides only few detailed correlations between process parameters and part properties. Therefore, an 
approach using response surface methodology was chosen to correlate part properties with main influencing factors. 
Aim of the analyses was to predict and to improve part properties based on an enhanced process understanding.   
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1. Introduction  
Increasing competition, decreasing product life cycles, the wish for customized products and a 
shortage of resources cause the need for innovative manufacturing techniques for small series production 
[1]. Going beyond the stage of Rapid Prototyping on to Rapid Manufacturing, Additive Manufacturing 
offers possibilities for small series production of customized products and an increased freedom of 
design, due to the lack of tools [2]. The laser sintering of plastic parts is, aside from beam melting of 
metal parts, one of only two AM-processes which have the capability to be used for Rapid Manufacturing 
in the near future [3]. In laser sintering parts are built up layer by layer using layer thicknesses between 
0.06 and 0.18 mm. The machine produces the parts by repeating three stages for each layer: Firstly, the 
platform descends by the thickness of one layer. Secondly, powder is spread across the build platform by 
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a leveling roller or coater and preheated to a temperature close to the material’s melting point by a radiant 
heater. Then, a CO2-laser beam melts the powder by tracing the actual cross section line after line, using a 
scanner system. These steps are repeated until the parts are completed. [4]  
Laser sintering has reached a high technical level within the past two decades. However, processes still 
show poor repeatability of part quality, process interruptions or defective parts. Knowledge about the 
process needed to avoid such problems is still insufficient. Therefore, an enhanced process understanding 
has to be established. Literature provides only little information on correlations between main influencing 
factors and part properties. Aim of the research presented here is to establish correlations between process 
parameters, mechanical properties and the part’s density. The resulting correlation models can be used to 
predict part properties and to improve process parameters.  
2. State of the Art 
Technical literature contains several papers with analyses and advancements of the laser sintering 
process. Area energy density EA or Andrew Number AN is often used to describe correlations between 
process parameters and to compare part properties using different parameter settings. This value for the 
energy input in laser sintering was introduced by Nelson [5] and is defined as the ratio of fill laser power 
divided by beam speed, and scan spacing. Starr [6] and Kaddar [7] added powder layer thickness as a 
further parameter to this equation. This modification results in the volume energy density EV. 
The correlation between process parameters and mechanical properties of laser sintered parts has been 
the subject of several analyses in the past and is described in several publications. Gibson presents a study 
with the aim of understanding the correlation of process parameters and tensile strength as well as part’s 
density while processing polyamide powder on a DTM Sinterstation 2000 [8]. He determined these 
properties as a function of laser scan speed; scan spacing and laser power. Ho analyzed part’s density and 
mechanical properties of polycarbonate parts as a function of area energy density [9]. Caulfield conducted 
similar analyses in [10] for Duraform PA. Tontowi determined the density of polyamide parts as a 
function of energy density in order to build up a model for density prediction [11].  
Sauer investigated Duraform PA powder using a DTM Sinterstation 2000. He correlated mechanical 
properties with different process parameters or multiple part orientations and positions [12]. Further 
research by Kaddar in [7] additionally aimed at analyzing the influence of different scan strategies on 
mechanical properties, showing that higher numbers of outline and fill scan counts improve the properties 
while cross fill scan reduces anisotropy between parts oriented in the xy-plane. He also proved that 
constant volume energy densities lead to almost identical properties. Starr determined in [6] the influence 
of laser power on yield stress and elongation for different orientations of specimen. He validated the 
equation of energy density by varying scan speed, laser power and layer thickness. Starr calculated the 
minimal energy input needed to melt the powder. He found out, that a volume energy density of at least 
0.091 J/mm³ is needed to fuse the powder. In [13], Jain states a similar minimal energy density of           
0.1 J/mm³. Additionally, he defined a maximum energy density of 0.48 J/mm³, where polymer 
degradation starts. In [14], Rüsenberg analyzed the mechanical properties of polyamide parts for 
increasing laser power and energy density using an EOS EOSINT P390. Additionally, he analyzed part 
density and porosity. Research done by Pilipovic in [15] demonstrates that even when using the same 
energy density, differences in mechanical properties can occur.  
In addition to the analyses described before, research was done to understand the correlation of 
different process parameters and part properties in laser sintering, using experimental designs. In [16], 
Ghanekar presents a study for nylon 12, using “D-Optimal” design, considering powder age, laser power, 
layer thickness, scan vector length, as well as the part’s orientation. He used a Sinterstation 125, which is 
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the first generation of laser sintering systems. In [17], Jain analyzed the influence of refreshing rate, layer 
thickness, part bed’s temperature and hatch pattern on the tensile strength for a constant energy density of 
0.0185 J/mm². He conducted his experiments using Taguchi’s L16 orthogonal array, producing specimen 
on an EOS EOSINT P380 using PA 2200 powder. The greatest influence results from refreshing rate, 
layer thickness and part bed temperature. However, the measured values for tensile strength are generally 
low, due to a low energy density and high layer thicknesses between 0.15 and 0.18 mm. Another analysis 
for PA 2200 is given by Beal in [18], considering laser power and scan speed. He used factorial design 
and response surface methodology to correlate process parameters and part’s density as well as 
mechanical properties. For his experiment, he used a prototype laser sintering machine with a low 
maximum laser power, very low scan speeds and high layer thicknesses. Therefore, the results can only 
marginally be transferred to commercial laser sintering machines. Monzon, in [19], conducted a study to 
compare laser sintering machines manufactured by EOS and DTM/3D-Systems with the aim of 
identifying main influencing factors, using full fractional designs. Laser power and layer thickness were 
found to be the main influencing factors on mechanical properties. A regression equation was used in 
order to determine optimal parameter sets. Another approach to correlate process parameters with part 
properties was performed by Singh [20]. He used response surface methodology based on a central 
composite design to develop a model in order to predict part’s density of polycarbonate parts. The 
regression equation found shows a non-linear nature of correlations, with all parameters having a 
significant effect. In [21] our own research was presented with the aim of reducing anisotropy in laser 
sintering using double laser exposure strategies. It was found, that build orientation has the highest 
influence on elongation at break. Wegner utilized response surface modeling based on a central composite 
design to describe anisotropy of mechanical properties as a function of process parameters during first 
and second laser exposure. The results showed that isotropic part properties are possible when using 
double laser exposure strategy. However, detailed correlation models for the laser sintering process, 
which consider all main influencing factors at the same time, are still missing. Therefore, within the work 
presented here, the influence of different parameter settings on mechanical properties and density of laser 
sintered polyamide 12 parts should be analyzed. 
3. Experimental 
Based on the aforementioned state of the art, the analyses were planned. Tensile specimens according 
to DIN EN ISO 3167 and density cubes were produced for tensile testing using a DTM Sinterstation 
2500HS which allows scan speeds up to 11.7 m/s. Refreshed EOS PA 2200 powder was used for the 
experiments using a mixture of 33 % virgin powder, 33 % overflow and 33 % used powder. Specimens 
for tensile tests were produced in four different part orientations generating each with five specimens. 
Tensile bars were oriented as shown in Fig. 1 (a). Parts were produced in x-direction (x0) and z-direction 
(z90) as well as at an angle of 45 degrees relative to the z-axis (xz45) and to the y-axis (xy45). After build 
process, the specimens were stored at standard climate until humidity balance was reached according to 
DIN EN ISO 291. The tensile tests in compliance with DIN EN ISO 527-1 and DIN EN ISO 10350-1 
were performed using a Zwick Z020 M (MutiXtense) and a testing speed of 50 mm/min. Part’s density 
was measured for cubes with the dimensions of 25 x 12.5 x 15 mm using a micrometer gauge and an 
analytical balance, since porosity sometimes causes large measuring errors when using other measuring 
methods. A total number of 660 specimens were produced within 10 build jobs to perform the analyses, 
Fig. 1 (b). The specimens of each parameter set were produced within one build job, being distributed 
over the build space in order to reduce effects caused by the inhomogeneous temperature distribution on 
the powder bed surface and also avoiding placement of parts at the edge of the build space. 
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Fig. 1.  (a) chosen orientation of tensile bars; (b) build space with placed specimen 
 
Design of experiments approach was used to determine the correlations between process parameters, 
mechanical properties and part’s density. Due to the complex process correlations in laser sintering, 
central composite design was utilized in order to include higher order and interaction terms. Laser power 
(A), scan spacing (B), scan speed (C), powder bed’s temperature (D) and layer thickness (E) were 
selected as influencing factors, resulting in an orthogonal and rotatable design of 36 experiments, Table 1. 
The advantage of orthogonal designs is that coefficients are independent of each other, resulting in a 
simpler interpretation of the data. Rotatable designs have an experiment’s variance which is equal for all 
points with the same distance from the center point, being independent from the chosen direction. [22] 
Table 1.  Plan of experiments for DTM Sinterstation 2500 HS 
 
 A B C D E  
 Laser power Scan spacing Scan speed Powder bed temp. Layer thickness Energy density 
EN W mm m/s °C mm J/mm³ 
1 39 0.15 7.0 175 0.15 0.25 
2 46 0.15 7.0 175 0.1 0.44 
3 39 0.25 7.0 175 0.1 0.22 
4 46 0.25 7.0 175 0.15 0.18 
5 39 0.15 10.0 175 0.1 0.26 
6 46 0.15 10.0 175 0.15 0.20 
7 39 0.25 10.0 175 0.15 0.10 
8 46 0.25 10.0 175 0.1 0.18 
9 39 0.15 7.0 177 0.1 0.37 
10 46 0.15 7.0 177 0.15 0.29 
11 39 0.25 7.0 177 0.15 0.15 
12 46 0.25 7.0 177 0.1 0.26 
13 39 0.15 10.0 177 0.15 0.17 
14 46 0.15 10.0 177 0.1 0.31 
15 39 0.25 10.0 177 0.1 0.16 
16 46 0.25 10.0 177 0.15 0.12 
17 35.5 0.2 8.5 176 0.125 0.17 
18 49.5 0.2 8.5 176 0.125 0.23 
19 42.5 0.1 8.5 176 0.125 0.40 
20 42.5 0.3 8.5 176 0.125 0.13 
21 42.5 0.2 5.5 176 0.125 0.31 
22 42.5 0.2 11.5 176 0.125 0.15 
23 42.5 0.2 8.5 174 0.125 0.20 
24 42.5 0.2 8.5 178 0.125 0.20 
25 42.5 0.2 8.5 176 0.075 0.33 
26 42.5 0.2 8.5 176 0.175 0.14 
27-36 42.5 0.2 8.5 176 0.125 0.20 
 
Based on the measured data, for all considered properties a second-order response surface model was 
built up using Design Expert 8 software. The significance of the calculated coefficients was determined 
xy45 
x 
y 
x0 
xz45 
z90 
z 
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using analysis of variance. Based on these results, all non significant coefficients were excluded from the 
regression equation. Afterwards, the adequacy of the models found was evaluated by comparing F-value 
for the fitting error with the tabulated value.    
4. Results and Discussion 
The aim of the study was to establish a correlation between the main influencing factors in regard to 
mechanical properties and part’s density. All measured values are summarized in Table 2.  
 
Table 2.  Measured density values and mechanical properties for DTM Sinterstation 2500 HS and EOS Formiga P 100 
 
 Density xyz 
Tensile 
strength 
x0 
Tensile 
strength 
xy45 
Tensile 
strength 
xz45 
Tensile 
strength 
z90 
Young’s 
modulus 
x0 
Young’s 
modulus 
xy45 
Young’s 
modulus 
xz45 
Young’s 
modulus 
z90 
Elonga-
tion at 
break x0 
Elonga-
tion at 
break xy45 
Elonga-
tion at 
break xz45 
Elonga-
tion at 
break z90 
EN g/cm² N/mm² N/mm² N/mm² N/mm² N/mm² N/mm² N/mm² N/mm² % % % % 
1 0.937 45.4 46.2 36.9 24.5 1554 1602 1348 1185 15.0 15.9 6.4 2.8 
2 0.976 49.3 49.6 47.8 47.6 1672 1682 1592 1624 21.2 21.7 15.7 11.8 
3 0.945 44.9 44.8 33.9 24.5 1608 1606 1268 1220 11.7 12.6 6.4 2.6 
4 0.863 35.3 34.7 8.3 2.2 1244 1218 663 386 8.7 10.1 1.6 0.7 
5 0.968 48.7 48.9 44.2 39.5 1674 1674 1522 1470 17.4 17.8 13.4 5.6 
6 0.939 45.1 44.4 31.2 13.2 1553 1534 1220 945 14.5 16.0 5.7 1.6 
7 0.696 13.7 15.3 1.0 0.2 611 657 134 0 4.9 5.5 1.0 0.4 
8 0.929 38.7 39.5 22.9 14.0 1344 1398 972 886 10.1 10.2 4.9 2.1 
9 0.977 49.4 49.4 47.2 46.7 1666 1668 1596 1582 21.1 22.3 17.1 12.9 
10 0.954 46.5 46.9 42.8 39.6 1556 1566 1410 1348 19.9 20.6 15.2 8.1 
11 0.848 30.5 30.6 5.6 1.8 1100 1078 453 278 7.5 9.5 1.5 1.0 
12 0.969 49.2 49.2 41.7 44.3 1690 1694 1550 1512 16.3 17.2 6.2 13.7 
13 0.932 41.9 42.3 21.7 8.6 1430 1426 982 793 13.0 14.2 3.3 1.4 
14 0.981 50.7 50.4 47.7 47.1 1754 1728 1638 1662 19.8 20.5 16.0 10.1 
15 0.907 36.3 37.2 21.4 13.9 1336 1360 942 903 8.5 8.4 4.6 2.1 
16 0.808 23.6 26.2 3.2 0.9 967 1048 309 132 5.8 6.8 1.3 0.9 
17 0.885 36.6 37.2 10.7 7.5 1364 1402 864 762 8.5 9.3 1.5 1.3 
18 0.952 46.7 46.9 38.6 34.8 1634 1628 1476 1460 14.6 16.9 6.7 3.5 
19 0.957 47.3 47.8 44.6 44.1 1626 1642 1500 1510 18.1 20.0 16.4 11.8 
20 0.782 23.6 24.3 5.6 2.8 1029 1003 506 452 4.4 6.5 1.1 0.7 
21 0.966 48.4 48.6 42.1 42.1 1652 1642 1504 1560 17.7 20.7 7.6 5.2 
22 0.868 35.0 36.4 18.5 4.4 1318 1352 1135 773 8.6 9.2 1.9 0.6 
23 0.929 42.8 43.5 25.2 14.4 1554 1564 1203 1076 10.2 12.7 3.1 1.8 
24 0.951 45.5 46.3 39.6 35.7 1642 1658 1488 1502 12.0 14.4 7.4 3.8 
25 0.998 51.3 51.6 49.3 48.9 1758 1768 1688 1692 17.9 18.7 14.1 12.4 
26 0.797 25.6 26.3 2.7 0.7 982 974 344 182 6.1 8.0 1.2 0.8 
27 0.942 43.4 44.3 18.4 17.0 1510 1540 1160 1150 10.4 13.6 1.8 1.7 
28 0.953 44.8 42.9 32.9 15.4 1540 1490 1260 1100 15.5 11.1 5.4 1.7 
29 0.934 42.5 44.1 35.7 22.9 1460 1510 1320 1220 14.9 13.8 8.3 2.5 
30 0.947 43.2 42.4 18.8 23.3 1470 1440 1140 1230 15.6 15.7 1.7 2.3 
31 0.939 43.5 44.9 38.2 17.6 1490 1540 1390 1170 15.3 16.1 7.0 1.8 
32 0.949 42.3 43.8 32.1 13.9 1420 1520 1290 1100 14.6 15.8 4.5 1.6 
33 0.947 42.1 41.9 36.2 15.4 1450 1420 1310 1070 15.1 13.2 8.0 1.9 
34 0.935 42.8 44.3 35.4 23.2 1470 1540 1240 1220 13.0 16.9 6.3 2.7 
35 0.944 43.8 41.2 37.4 19.9 1520 1490 1350 1200 12.9 11.7 7.9 2.0 
36 0.942 43.0 44.0 34.5 16.6 1490 1530 1340 1120 12.9 13.5 4.3 1.9 
Ø 0.921 41,2 41,6 29.3 21,9 1448 1461 1170 1069 13,2 14,1 6.6 3,9 
 
Based on the measured values, correlations can be established, describing part properties as a function 
of volume energy density using polynomials (Fig. 2). The best part properties can be found for energy 
densities between 0.35 and 0.40 J/mm³. However, measured values in all diagrams show significant 
deviations from the fitted trend line. Models based on energy density are a very simple way to describe 
correlations in laser sintering, but only show a general interdependency. Detailed information is not given 
using these correlations. Therefore, second order regression equations should be established in order to 
describe the correlations in a more detailed way and to predict mechanical properties and parts’ densities. 
The results in Fig. 2 prove that part orientation has the highest influence on elongation at break, showing 
significantly lower values for orientations xz45 and z90. It was also found, that there is only a low 
deviation between parts in the xy-plane when using cross fill scan strategy.   
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Fig. 2.  Correlation of measured data with energy density 
(a) Tensile strength for different part orientations as a function of volume energy density  
(b) Young’s modulus for different part orientations as a function of volume energy density 
(c) Elongation at break for different part orientations as a function of volume energy density 
(d) Part’s density as a function of volume energy density 
Based on the measured data for mechanical properties and part’s density (Table 2), the regression 
equations were established using Design Expert. The significance of terms in each equation, as well as the 
significance of the model and of the lack of fit, was evaluated using analysis of variance (Appendix A. 
Table 4 to Table 8). Significance level is achieved for p-values below 0.05. Coefficients failing the 
significance were excluded from the equations, while their Sum of Squares was added to the Lack of Fit. 
However, in some models non significant terms were not excluded for hierarchic reasons or in order to 
improve R-Squared values for an optimized model fit.  All established models show a non significant lack 
of fit, resulting in adequate models, also having high R-Squared values of over 0.87, Appendix A.     
Table 9. Additionally, all models show high values for the adjusted and the predicted R-Squared with a 
reasonable agreement of both values, Appendix A. Table 9. Therefore, all models are adequate to make 
predictions within the design space. However, in all models some data test points had to be excluded as 
outliers in order to achieve a fitting model.  
Based on the results of ANOVA, regression equations containing all significant coefficients were 
established (Table 3). The model equations show significant differences regarding the included terms as 
well as their numbers. Most of them contain, aside from linear terms, higher order, as well as multiple 
interaction terms, demonstrating a complex correlation between process parameters and part properties. 
This emphasizes the intricate interaction of process parameters in laser sintering. However, three 
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regression equations include only linear terms resulting in a simple linear correlation. Lowest influence is 
given by the higher order term of laser power and the interaction of part bed’s temperature and layer 
thickness, which are included in none respectively only in one model. Otherwise, regression equations 
show a good agreement in main effects. In all models scan spacing and layer thickness have the highest 
influence on the target size, while the third main effect is given either by scan speed or by the interaction 
of scan spacing and layer thickness. However, both of these effects have a high influence in almost all 
models. These four effects are the main influencing factors on mechanical properties in laser sintering. 
Therefore, the models and the results found are a further step towards an enhanced process understanding 
in laser sintering allowing for the prediction and optimization of part properties in laser sintering.  
 
Table 3.  Regression equations for all considered part properties and part orientations 
 
  A B C D E AB AC AD AE BC BD BE CD CE DE A² B² C² D² E² 
Part’s density 
xyz 0.943 0.007 -0.047 -0.025 0.003 -0.048 0.003 -- -0.012 -- -0.022 -- -0.030 -- -0.014 -- -- -0.018 -0.006 -- -0.011 
Tensile strength 
x0 42.9 2.2 -6.1 -3.1 0.7 -5.7 0.6 -- -0.6 1.0 -3.0 -- -2.6 -- -0.6 -- -- -1.9 -- -- -0.8 
xy45 43.4 1.9 -6.2 -3.0 -- -5.5 1.1 -- -- -- -2.2 -- -2.8 -- -0.8 -- -- -1.7 -- -- -1.0 
xz45 29.3 3.7 -10.8 -4.9 1.4 -10.4 -- -- 2.8 -- -- -- -3.0 -- -- -- -- -- -- -- -- 
z90 21.4 5.1 -11.1 -7.9 4.1 -12.6 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
Young’s modulus 
x0 1482 55.9 -173.1 -87.1 17.3 -178.4 23.7 20.8 -- 28.0 -84.2 20.8 -86.4 23.2 -22.8 -- -- -43.2 -- 24.5 -32.5 
xy45 1501 52.1 -170.8 -77.9 16.1 -177.9 32.4 24.1 -- 25.6 -61.1 25.4 -89.6 25.1 -- -- -- -48.2 -- 23.9 -36.1 
xz45 1269 97.3 -291.9 -120.8 -- -302.0 -- -- -- -- -62.1 -- -111.5 -- -- -- -- -76.5 -- -- -73.2 
z90 1153 151.0 -260.2 -211.7 104.5 -433.6 70.5 -81.8 143.4 -69.7 -110.5 83.5 -176.2 -79.8 53.3 -99.2 -- -42.1 -- 35.0 -80.0 
Elongation at break 
x0 13.1 1.2 -4.0 -1.9 -- -2.4 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
xy45 14.1 1.3 -4.0 -2.2 0.5 -2.2 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
xz45 5.3 0.6 -3.7 -1.0 -- -3.4 -- -- -- -- -- -- 1.4 -- -- -- -- 0.9 -- -- 0.7 
z90 2.1 0.6 -2.7 -1.1 0.6 -2.6 -- -0.5 0.5 -- 0.4 -- 1.3 -0.7 -- -- -- 1.1 0.2 0.2 1.1 
 
 
5. Conclusions 
Within the results presented, design of experiments was used to establish response surface models in 
order to correlate the five main influencing parameters with the mechanical properties and the part’s 
density also considering different part orientations. The correlation models found demonstrate the 
complex correlations of process parameters in laser sintering, in most cases showing a non-linear nature 
with multiple parameter interactions. Additionally, the four main influences on mechanical properties 
were identified as being scan spacing, scan speed, layer thickness and interaction of scan spacing and 
layer thickness. The results presented here provide, for the first time, detailed information on the 
correlation between process parameters and part properties using a high speed laser sintering machine, 
resulting in an enhanced understanding of the laser sintering process and also allowing for the prediction 
and optimization of part properties. 
Future work should validate the investigated correlations, comparing the results with models for 
melt’s temperature, also taking effects of polymer degradation and scan vector length into consideration. 
Additionally, further work should be done to transfer the discovered results for a high-speed-machine to 
lower scan speeds, which are also commonly used in laser sintering. 
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Appendix A. Results of analysis of variance 
 
Table 4. ANOVA for reduced response surface models of parts density 
 
 Part’s density  
Source Sum of Squares DOF Mean Square F-Value P-Value 
Model 0.1289 13 0.00991 286.8 < 0.0001 
A 0.0009 1 0.00091 26.3 < 0.0001 
B 0.0488 1 0.04883 1412.6 < 0.0001 
C 0.0132 1 0.01321 382.0 < 0.0001 
D 0.0003 1 0.00026 7.5 0.0127 
E 0.0513 1 0.05128 1483.2 < 0.0001 
AB 0.0002 1 0.00015 4.4 0.0497 
AD 0.0021 1 0.00213 61.6 < 0.0001 
BC 0.0065 1 0.00652 188.5 < 0.0001 
BE 0.0126 1 0.01256 363.2 < 0.0001 
CE 0.0029 1 0.00288 83.2 < 0.0001 
B² 0.0098 1 0.00983 284.4 < 0.0001 
C² 0.0011 1 0.00109 31.4 < 0.0001 
E² 0.0036 1 0.00362 104.6 < 0.0001 
Residual 0.0007 20 0.00003   
Lack of Fit 0.0004 11 0.00003 0.90 0.5730 
Pure Error 0.0003 9 0.00004   
Cor Total 0.1296 33    
 
Table 5. ANOVA for reduced response surface models of the mechanical properties in x0-direction  
 
 Tensile strength x0  Young’s modulus x0  Elongation at break x0 
Source Sum of Squares DOF
Mean 
Square F-Value P-Value 
 Sum of 
Squares DOF
Mean 
Square F-Value P-Value 
 Sum of 
Squares DOF
Mean 
Square F-Value P-Value 
Model 2272.8 13 174.8 174.7 < 0.0001  2144648 16 134041 93.5 < 0.0001  632.3 4 158.1 57.8 < 0.0001 
A 104.7 1 104.7 104.6 < 0.0001  74873 1 74873 52.2 < 0.0001  31.4 1 31.4 11.5 0.0021 
B 797.5 1 797.5 797.0 < 0.0001  718746 1 718746 501.2 < 0.0001  349.9 1 349.9 128.0 < 0.0001 
C 199.4 1 199.4 199.3 < 0.0001  181917 1 181917 126.8 < 0.0001  75.2 1 75.2 27.5 < 0.0001 
D 12.0 1 12.0 12.0 0.0025  7193 1 7193 5.0 0.0373  -- -- -- -- -- 
E 453.1 1 453.1 452.8 < 0.0001  764087 1 764087 532.8 < 0.0001  126.9 1 126.9 46.4 < 0.0001 
AB 5.1 1 5.1 5.1 0.0359  9001 1 9001 6.3 0.0215  -- -- -- -- -- 
AC -- -- -- -- --  6910 1 6910 4.8 0.0408  -- -- -- -- -- 
AD 4.4 1 4.4 4.4 0.0483  -- -- -- -- --  -- -- -- -- -- 
AE 13.2 1 13.2 13.2 0.0017  12572 1 12572 8.8 0.0080  -- -- -- -- -- 
BC 125.2 1 125.2 125.2 < 0.0001  113316 1 113316 79.0 < 0.0001  -- -- -- -- -- 
BD -- -- -- -- --  6910 1 6910 4.8 0.0408  -- -- -- -- -- 
BE 89.5 1 89.5 89.4 < 0.0001  119457 1 119457 83.3 < 0.0001  -- -- -- -- -- 
CD -- -- -- -- --  8626 1 8626 6.0 0.0240  -- -- -- -- -- 
CE 5.0 1 5.0 5.0 0.0366  8349 1 8349 5.8 0.0261  -- -- -- -- -- 
B² 108.3 1 108.3 108.3 < 0.0001  59590 1 59590 41.5 < 0.0001  -- -- -- -- -- 
D² -- -- -- -- --  19242 1 19242 13.4 0.0017  -- -- -- -- -- 
E² 9.2 1 9.2 9.2 0.0065  33859 1 33859 23.6 0.0001  -- -- -- -- -- 
Residual 20.0 20 1.0    27249 19 1434    79.3 29 2.7   
Lack of Fit 14.3 11 1.3 2.0 0.1466  15889 10 1589 1.3 0.3698  54.1 20 2.7 0.96 0.5548 
Pure Error 5.7 9 0.64    11360 9 1262    25.3 9 2.8   
Cor Total 2292.8 33     2171897 35     711.6 33    
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Table 6. ANOVA for reduced response surface models of the mechanical properties in xz45-direction  
 
 Tensile strength xz45   Young’s modulus xz45   Elongation at break xz45 
Source Sum of Squares DOF
Mean 
Square F-Value P-Value 
 Sum of 
Squares DOF
Mean 
Square F-Value P-Value 
 Sum of 
Squares DOF
Mean 
Square F-Value P-Value 
Model 6621.2 7 945.9 27.9 < 0.0001  5429697 8 678712 58.6 < 0.0001  711.5 7 101.6 32.9 < 0.0001 
A 334.1 1 334.1 9.9 0.0040  226982 1 226982 19.6 0.0001  9.3 1 9.3 3.0 0.0940 
B 2802.5 1 2802.5 82.6 < 0.0001  2044896 1 2044896 176.5 < 0.0001  307.1 1 307.1 99.4 < 0.0001 
C 580.2 1 580.2 17.1 0.0003  350078 1 350078 30.2 < 0.0001  21.5 1 21.5 7.0 0.0137 
E 48.0 1 48.0 1.4 0.2442  2188292 1 2188292 188.9 < 0.0001  265.8 1 265.8 86.1 < 0.0001 
AD 128.6 1 128.6 3.8 0.0616  -- -- -- -- --  -- -- -- -- -- 
BC -- -- -- -- --  61640 1 61640 5.3 0.0290  -- -- -- -- -- 
BE 140.4 1 140.4 4.1 0.0515  198916 1 198916 17.2 0.0003  29.8 1 29.8 9.6 0.0044 
B² -- -- -- -- --  187207 1 187207 16.2 0.0004  28.2 1 28.2 9.1 0.0054 
E² -- -- -- -- --  171685 1 171685 14.8 0.0007  14.0 1 14.0 4.5 0.0427 
Residual 949.5 28 33.9    312828 27 11586    83.4 27 3.1   
Lack of Fit 472.7 19 24.9 0.47 0.9207  253628 18 14090 2.1 0.1218  30.3 18 1.7 0.29 0.9886 
Pure Error 476.7 9 53.0    59200 9 6578    53.1 9 5.9   
Cor Total 7570.7 35     5742524 35     794.9 34    
 
Table 7. ANOVA for reduced response surface models of the mechanical properties in xy45-direction  
 
 Tensile strength xy45  Young’s modulus xy45   Elongation at break xy45 
Source Sum of Squares DOF
Mean 
Square F-Value P-Value 
 Sum of 
Squares DOF
Mean 
Square F-Value P-Value 
 Sum of 
Squares DOF
Mean 
Square F-Value P-Value 
Model 2310.0 10 231.0 90.1 < 0.0001  2056048 15 137070 77.5 < 0.0001  670.2 5 134.0 59.4 < 0.0001 
A 86.3 1 86.3 33.6 < 0.0001  65063 1 65063 36.8 < 0.0001  42.9 1 42.9 19.0 0.0001 
B 908.0 1 908.0 354.1 < 0.0001  700417 1 700417 396.2 < 0.0001  380.9 1 380.9 168.7 < 0.0001 
C 214.4 1 214.4 83.6 < 0.0001  145580 1 145580 82.4 < 0.0001  119.2 1 119.2 52.8 < 0.0001 
D -- -- -- -- --  6195 1 6195 3.5 0.0759  7.2 1 7.2 3.2 0.0852 
E 739.0 1 739.0 288.2 < 0.0001  759420 1 759420 429.6 < 0.0001  120.1 1 120.1 53.2 < 0.0001 
AB 18.3 1 18.3 7.1 0.0131  16744 1 16744 9.5 0.0059  -- -- -- -- -- 
AC -- -- -- -- --  9293 1 9293 5.3 0.0328  -- -- -- -- -- 
AE -- -- -- -- --  10486 1 10486 5.9 0.0244  -- -- -- -- -- 
BC 76.8 1 76.8 30.0 < 0.0001  59682 1 59682 33.8 < 0.0001  -- -- -- -- -- 
BD -- -- -- -- --  10282 1 10282 5.8 0.0256  -- -- -- -- -- 
BE 129.8 1 129.8 50.6 < 0.0001  128379 1 128379 72.6 < 0.0001  -- -- -- -- -- 
CD -- -- -- -- --  10080 1 10080 5.7 0.0269  -- -- -- -- -- 
CE 11.2 1 11.2 4.4 0.0471  -- -- -- -- --  -- -- -- -- -- 
B² 95.0 1 95.0 37.1 < 0.0001  74472 1 74472 42.1 < 0.0001  -- -- -- -- -- 
D² -- -- -- -- --  18330 1 18330 10.4 0.0043  -- -- -- -- -- 
E² 31.1 1 31.1 12.1 0.0018  41626 1 41626 23.5 < 0.0001  -- -- -- -- -- 
Residual 64.1 25 2.6    35354 20 1768    67.7 30 2.3   
Lack of Fit 50.9 16 3.2 2.2 0.1205  18994 11 1727 0.95 0.5400  34.2 21 1.6 0.44 0.9432 
Pure Error 13.2 9 1.5    16360 9 1818    33.5 9 3.7   
Cor Total 2374.1 35     2091402 35     738.0 35    
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Table 8. ANOVA for reduced response surface models of the mechanical properties in z90-direction  
 
 Tensile strength z90   Young’s modulus z90   Elongation at break z90 
Source Sum of Squares DOF
Mean 
Square F-Value P-Value 
 Sum of 
Squares DOF
Mean 
Square F-Value P-Value 
 Sum of 
Squares DOF
Mean 
Square F-Value P-Value 
Model 7601.3 5 1520.3 69.5 < 0.0001  6249367 18 347187 116.3 < 0.0001  387.6 14 27.7 177.9 < 0.0001 
A 601.5 1 601.5 27.5 < 0.0001  410730 1 410730 137.5 < 0.0001  6.6 1 6.6 42.1 < 0.0001 
B 2819.8 1 2819.8 129.0 < 0.0001  1220636 1 1220636 408.8 < 0.0001  148.7 1 148.7 955.5 < 0.0001 
C 1409.7 1 1409.7 64.5 < 0.0001  807620 1 807620 270.5 < 0.0001  26.7 1 26.7 171.4 < 0.0001 
D 390.6 1 390.6 17.9 0.0002  196977 1 196977 66.0 < 0.0001  8.6 1 8.6 55.2 < 0.0001 
E 3617.5 1 3617.5 165.5 < 0.0001  2460241 1 2460241 823.9 < 0.0001  75.6 1 75.6 486.1 < 0.0001 
AB -- -- -- -- --  53125 1 53125 17.8 0.0007  -- -- -- -- -- 
AC -- -- -- -- --  71532 1 71532 24.0 0.0002  2.4 1 2.4 15.5 0.0010 
AD -- -- -- -- --  219842 1 219842 73.6 < 0.0001  3.0 1 3.0 19.3 0.0004 
AE -- -- -- -- --  51901 1 51901 17.4 0.0008  -- -- -- -- -- 
BC -- -- -- -- --  130517 1 130517 43.7 < 0.0001  1.8 1 1.8 11.5 0.0032 
BD -- -- -- -- --  74476 1 74476 24.9 0.0002  -- -- -- -- -- 
BE -- -- -- -- --  331915 1 331915 111.2 < 0.0001  20.9 1 20.9 134.5 < 0.0001 
CD -- -- -- -- --  68120 1 68120 22.8 0.0002  5.0 1 5.0 32.4 < 0.0001 
CE -- -- -- -- --  30339 1 30339 10.2 0.0061  -- -- -- -- -- 
DE -- -- -- -- --  105192 1 105192 35.2 < 0.0001  -- -- -- -- -- 
B² -- -- -- -- --  52932 1 52932 17.7 0.0008  35.9 1 35.9 230.9 < 0.0001 
C² -- -- -- -- --  -- -- -- -- --  1.7 1 1.7 11.2 0.0036 
D² -- -- -- -- --  36708 1 36708 12.3 0.0032  1.4 1 1.4 9.0 0.0076 
E² -- -- -- -- --  113408 1 113408 38.0 < 0.0001  16.5 1 16.5 106.3 < 0.0001 
Residual 634.0 29 21.9    44791 15 2986    2.8 18 0.16   
Lack of Fit 520.5 20 26.0 2.1 0.1321  14031 6 2338 0.7 0.6680  1.5 9 0.17 1.1 0.4299 
Pure Error 113.5 9 12.6    30760 9 3418    1.3 9 0.15   
Cor Total 8235.3 34     6294158 33     390.4 32    
 
Table 9. Model quality to predict part’s density and mechanical properties  
 
Model density 
tensile 
strength 
x0 
tensile 
strength 
xy45 
tensile 
strength 
xz45 
tensile 
strength 
z90 
young’s 
modulus 
x0 
young’s 
modulus 
xy45 
young’s 
modulus 
xz45 
young’s 
modulus 
z90 
elonga-
tion at 
break x0 
elonga-
tion at 
break xy45 
elonga-
tion at 
break xz45 
elonga-
tion at 
break z90 
R-Squared 0.995 0.991 0.973 0.875 0.923 0.987 0.983 0.946 0.993 0.889 0.908 0.895 0.993 
Adjusted 
R-Squared 0.991 0.985 0.962 0.843 0.910 0.977 0.970 0.929 0.984 0.873 0.893 0.868 0.987 
Predicted 
R-Squared 0.983 0.978 0.931 0.827 0.884 0.931 0.917 0.891 0.918 0.854 0.877 0.861 0.964 
 
